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Statement Of Problem Studied

We proposed to attemot coherent qeneration of high frequency

phonons and to use these phonons to study high frequency phonon

physics. While the results of the work described in this final

report are different to a great extent from the goals of the

original proposal, they are nonetheless significant and relevant

to the question of stimulated phonon emission.

The reasons for these differences resulted from our discovery,

shortly after receipt of funding, that our original observation

3+
of stimulated phonon emission in LaF3 :Er

3  (Phys. Rev. B25,""

5064(1982)) was in question. When we repeated these experiments

we became aware of severe problems from sample heating. This

heating (=5K) resulted in the dominance of the Orbach process in

relaxing the populations among the excited state Zeeman levels,

not stimulated phonon emission. While we may have observad

effects of stimulated phonon emission in our original experi-

ments, we were unable to confirm this.

As a result, we have focussed much of our attention on under-

standing why we were unsuccessful in observing stimulated emis-

sion in this system and to better identify the critical elements

in obtaining stimulated phonon emission in this and other svs-

tems. In the nro~css we ha-re learned a great deal generally

about phonon dyna:.ics and 7 .- nve I ed techniques to obtain the

requisite parameters to evau; te systems for stimulated rhonon

emi ssi on.
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We should point out however that in just this past year, stim-

ulated phonon emission within a system, conceptually identical to

the example we have been studying, has been observed by a group

in the Netherlands (Miltenburg, Jongerden, Dijkhuis and de Wijn,

Phonon Scattering In Condensed Matter , ed. W. Eisenmenger, K.

Lassmann and S. Dottinger (Springer-Verlag, Berlin, 1984) p. 130)

2 3+using the Zeeman resonance in the E( E) state of Cr in Al2 03

(ruby). The system we are studying would extend stimulated pho-

non emission to much higher frequencies (>200 GHz) than the ruby

example which was carried out at 46 GHz. The positive results in

the ruby system gives us renewed encouragement to pursue stimu-

lated phonon emission in other systems at higher frequencies with

the ultimate goal of generating coherent phonons.

In this final report we describe the main problems studied,

summarize our most important results, draw conclusions from our

work relevant to stimulated phonon emission, and discuss what

steps need to be considered to improve our chances for the

achievement of stimulated phonon emission in other systems and at

higher frequencies.

In this second three year grant period we have continued to

investigate high frequency phonon dynamics using a variety of

optical techniques which have b-en specifically developed for

these studies. The problems we iur: eF:n ind are su:rmarized in

three sections bclow.

1. The investication of lifeties of high frec .uency (-" 209

GHz ) phonons usinq phonon -erez'ati on with ex-itel k.,tte

2



spin-lattice relaxation coupled with the detection

technique of hot luminescence, vibronic sideband phonon p.
spectroscopy (VSPS), and a new technique deveLoped wi:h

R. M. Macfarlane, phonon induced optical dephasing

(PICOLO).

2. A study of the role of 2-phonon Raman processes in high

frequency phonon dynamics.

3. The use of non-resonant fluorescence-line-narrowing (FLN)

techniques to determine excited state resonance widths,

which yield the spectral distribution of resonantly gen-

erated phonons.

These problems have been investigated in several insulating
i pl

ionic solids, doped with small concentrations of impurity -Jons, ,

for which the excited electronic states are accessible with visi-

3 6

ble light."-

3



70V

Summary Of Most Important Results

A number of optical techniques have been developed in recent

years which we have applied to study the dynamics of high fre-

quency phonons. Monoenergetic phonons were generated by spin-

lattice relaxation between two electronically excited states of

an impurity ion. Resonant trapping provided the means to detect

these phonons with good temporal resolution. VSPS was used to

detect high frequency phonons over a wide frequency range with

excellent temporal, spectral and spatial resolution. The life-

time of a monoenergetic non-equilibrium distribution of phonons

was determined by the observation of optical dephasing, using

free induction decay(FID), which results from phonon-induced

coherence loss(PICOLO). Non-resonant fluorescence-line-narrow-

ing(FLN) techniques provided a means to determine the spectral

distribution of non-equilibrium phonons generated by spin-lattice

relaxation. We describe below some important details about our

major results.

1. Anharmonic decay of phonons and the role of 2-phonon Raman

processes in phonon dynamics.

a) Anharmonic lifetimes of low frequency optical phonons in

3+ 3+LaF 3 :Er3,Pr - (Publications 2 and 2)

MonoenerTe + c- c no'-e-'ii I ib< 'm 4 honon : .. r c : e e, at -1

-l
and 54 cm by _ingle phonon rel :atien betwaeen 2:xcited states

of Er . et-ction w:is nccc::'clished with anti-Stokes VSPS

3 3 4u.1ing the P0 state o. PI - he lifetime of Lhee phorons

4



was determined by delaying the detector laser relative to the

phonon generation. LaF 3 has two almost dispersionless low-ly-3-I

ing optical phonon branches near 41 cm , which intersect the

TA mode near the zone boundary. Our analysis indicates that
-1

at 41 cm the measured lifetime of 46 nsec is dominated by

the optical mode lifetime which is determined from our experi-

-1
ment to be 40 nsec. At 54 cm the LA and optical modes con-

tribute about equally to the decay. It is very significant

that these optical phonon lifetimes are two to four orders of

magnitude longer than typical optical phonon lifetimes which

have been measured by a number of researchers in a variety of

materials. The probable explanation is that because the mode

energies in this case are considerably less than the optical

modes studied in most other materials, the phonon densities of

states for the decay products are much lower than the typical

system.

b) Detection of surface absorption of light from the resulting

3+
phonons in LaF 3 :Er - (Publications 3 and 11)

Nominally transparent solids exhibit a weak surface absorp-

tion of light for reasons not completely understood. We have

measured this for 1.06 pm and 0.53 pm laser radiation on LaF3

and have found that it is oossible to detect the resultinq

non-equilibrium phonons in t bulk %:t th CEa.su-ements of

excited state ponul ition ,q,:ni cf Z._fimn-: 2Kit :,uble,_l

Model calculationus which inclue 2- hcn on }:nan procu.;,

anharmonic decay and recc 10.i:ion, and elanctic scattrinq,

5



confirm that for up to 15 psec after the heat pulse, the

phonon dynamics in the detector region immediately behind the

heaed surface, is dominated by raoid resonant Raman processes

involving the crystal field levels of the -S manifold of
3+ 3/2

Er The phonons which diffuse out of the heated surfaceII
region undergo recombination which maintains the population of

the very high frequency phonons much longer than their anhar-

monic decay times. It is these phonons which govern the popu-

lation dynamics through resonant Raman scattering in the

detector volume.

c) PICOLO - A new phonon detection technique - its application

3+to anharmonic lifetimes in LaF 3 :Pr - (Publications 5, 6

and 9)

Optical dephasing by an eailibrium thermal distribution of

phonons has been studied extensively in LaF3 :Pr3 by several.

researchers. In recent experiments conducted at I.B.M., San

Jose, in collaboration with R. M. Macfarlane, it was demon-

strated that monoeneretic non-ecuilibrium ohorions can lead to
-1phonon-induced coherence loss(PICOLO) when 23 cm phonons are

generated by spin-lattice relaxation between the lower two

1 3
states of the D 2 manifold in Pr 3

. An analysis of the free-

induction-decay(FID) in the presence of these phonons yielded

-1

ment with recent we-ults : lr.ai ned by o,:mrv nc the time

dependence of the liot lumine.:c following C exci Laton

of the D2 ( II) state. (.>c- d) Telow). Thi; j a tech inieu, :

26
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with high sensitivity (can detect phonon occupation numbers,

p, as small as 10-7 in some cases) which should be applicable

in a number of systems.

d) Resonant Raman scattering of 23 cm -  phonons in

LaF pr3 ,Dy - (Publications 7, 10 and 13)

Resonant Raman processes lead to a dramatic reduction of

-1 3+the lifetime of 23 cm phonons in doubly doped LaF3 :Pr

34.
Dy The lowest two crystal field states of the ground mani-

3+ -1
fold of Dy are separated by 15 cm in zero magnetic field.

A magnetic field Zeeman-splits the two levels leading to a

-1
resonance between the 23 cm phonons and the Zeeman compo-

3+1

nents of the lowest two crystal field levels of the Dy 3 + ion-1.

at 15.9 and 23 kG. 23 cm - 1 phonons are generated by fast.

spin-lattice relaxation following optical excitation of the

1 3+ -D2 (II) state of Pr The lifetime of the 23 cm phonons,

which is 600 nsec at, zero field is reduced to 125 nsec for

fields in the immediately vicinity of 15.9 kG, with a second

reduction to 250 nsec occuring near 23 kG. Detailed calcula-

tions indicate that resonant 2-phonon Raman processes within

3+
the Dy ground manifold are responsible for these lifetime

reductions.

2. Non-Resonant Fluoresc.nr e-Li e-Urroing( YLN) - -hinc:n. P-.eso-

nance Widths

The generation of pn.su by si.-la ti r!.i I .La t i on

7
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between optically excited electronic states produces a

distribution of phonons of spectral width equal to the reso-

nance width between the states in question. it is important

to know this spectral width in order to calculate the degree

of phonon bottlenecking present, and from that, the extent to

which we can deduce phonon dynamics from these studies. It

is also important to know this parameter for the cases in

which we are attempting to observe stimulated emission of

phonons. The threshold for stimulated emission is directly

related to the phonon spectral width.

With a few exceptions, resonance widths between excited

electronic states have not previously been measured. The

non-resonant FLN technique provides us with a very high reso-

lution direct method for making these measurements which is

of quite general applicability.

a) Zeeman resonance widths in LaF :Er - (Publications 8 and
3.

12)

Non-resonant ELN was used to determine the resonance width

4-
between the Zeeman-split components of the r 9/2 state of

Er 3 + in LaF 3 . LaF3 is complicated by the presence of six

magnetically inequivalent sites. Because of the large anise-

tropy of the g-tensors of the ground and excited states, only

a s .mal zn 1 1- L :i giiio 2:h-.e , C)v-

able grouos of sites. Whe: the crystal was careou1ly aligned-

to minimize this effect, --he resonance width was determined

to be 225 Hz at 2 kG, dc.,asing Io '5 i.T at o2 kG

', 8



Since the fluorescence from the lower Zeeman component of

the -F9/2 state to the two 2eeman components of the ground

state (-115/ 2 ) was resolved in this t-chniqa it Was '113o

possible to determine the ground state resonance width to be

90 MHz at 28 kG.

In this case the non-resonant FLN is equivalent to a high

frequency (200-300 GHz) ESR measurement, but with several

major advantages. The technique works at very high frequen-

cies where standard microwave sources are not readily avail-

able. The sensitivity inherent in optical techniques make it

particularly useful for excited state ESR. The ability to

study a select group of ions within the inhomogeneous absorp-

tion profile provides additional selectivity nor available in

standard techniques.

In this particular case, the change in the resonance width

and the magnitude of the excited state g-value were measured

as a function of pumping frequency within the inhomogeneous

profile. A program is to be developed to correlate these

changes with their dependence on the crystal field parameters

which are altered by the presence of iripurity ions.

b) Other materials - (Publication 8)

nance widths ...... c fji' bl ; te in

Al 203:Cr+(ruby), B:" I Cr 3

In ruby the E- 2. r2,-e ;cm .".  wt:1 :h .:. -fc un'. t C, m?...i:;tent

0
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with the value of 570 MHz observed by Lengfellner et al (Opt.

Lettr. 8 ,220(1983)) using excited state far infrared

absorption.

In alexandrite our result for the E*-*2A resonance width of

13.9 GHz compares with the values of 2.1 and 9 GHz in two

different samples determined by Goossens et al ( Phonon Scat-

tering In Condensed Matter , ed. W. Eisenmenaer, K. Lassmann

and S. Dottinger (Springer- Verlag, Berlin, 1984), p.112)

from studies of phonon dynamics in a magnetic field.

3+
In the case of LaF 3Pr we measured the resonance width

of the D 2(II)sI D2 (I) resonance which has been used to gen-
-1

erate 23 cm phonons in many of our studies. When the

1 D2 (II) state is excited at line center of the inhomogenecus

profile (Av 3 GHz), a resonance width of 2 0Hz is
i nh

obtained, which is dominated by the homogeneous width of this

state (1.4 0Hz) as determined by Erickson (Opt. Commun. 15

246 (1975)). However when the ions are excited in the wings

of the resonance the excited state resonance acq'.ires an

inhomogeneous broadening up to 10 0Hz.

I0 .. ..



CONCLUSIONS RELEVANT TO STIMULATED PHONON EMISSION

1. Sample heating due to optical excitation.

Heating is a problem in optical excitation techniques.

Only 0.04% of the absorbed energy, and even a smaller frac-

tion of the energy in the laser beam (0.01%), is converted

into monoenergetic phonons by spin-lattice relaxation in

3+
LaF3 :Er Surface heating due to anomalous absorption at

the surface, which results in an enhanced Orbach process

rather than stimu].ated emission, seems to be the major factor

which governs the relaxation. Some bulk heating must also

occur due to nonradiative relaxation which will take place on

some of the excited sites due to multiphonon emission, up

conversion and other pair processes which conserve energy

through the generation of phonons. In the case of ruby,

3-'
because of strong optical absorption of the Cr ions, and a

relatively weak coupling by the phonons to the 2E(2A) level

29 cm above the level generating the stimulated emission,

it is the stimulated emission, not the Orbach relaxation

3+
which dominates. In LaF 3:Er the reverse situation seems to

hold.

2. Anharmonic phonon lifetimes

Measurements or auhnr.mnnnrc daca tins at s, . frequn-

cies in LaF 3 indicate that for phonons in t o-e e":.erg_ range,
-3

5-10 cm - I anharmonic breakup should not b2 a major loss

mechanism. The lifetime of Li. phonona aL 23 cii s about 50

111
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nsec. Lifetimes of 41 cm optical phonons are about 40

nsec. Scaling the 23 cm lifetime by w yields an esti-
-I

mated lifetime of LA phonons of about 501isec at 6 cm and
-1

4usec at 10 cm The TA phonons are expected to be much
-1

longer-lived. The lifetime of 23 cm phonons was confirmed

with a new technique, PICOLO, using optical coherent tran-

sient techniques to detect the resonant phonons.

3. Role of resonant Raman scattering.-

The mechanism by which the heat generated in the optical

excitation dominates over stimulated emission is identified

as resonant Raman scattering(RR.S), otherwise known as the

Orbach process. We have identified its role based on studies

of the relaxation between the Zeeman levels of excited Er3 +

ions after generating heat at the surface of the crystal with

a non-resonant infrared laser. Fits of the data to computer

solutions of the rate equations demonstrate the dominant role

of RRS. The importance of RRS is also demonstrated in a
-1

double resonance experiment where 23 cm phonons obtained

from relaxation of excited Pr 3 + ions are brought into reso-

3+nance with ground state Dy ions in a double-doped sample.
-1.

A reduction of the 23 cm phonon lifetime by a factor of
-I

five occurs whenever resonance with the 23 cm phonons

OCCIIIV . 71 2.c L. C'-'I~ f~l2h11l 1~ v ~ ~~r io
3+

of the resonan-ce chinnel by thR RRS oi the DT . his pro-

ces s has been very succesfuilly modeled with - ItE equations

for the rystern.

12
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4. Phonon resonance widths.

We developed a technique using non-resonant FLN to obtain

information on the excited state resonance widths which play

an essential role in the strength of the stimulated phonon

emission. The observed widths (=100 Faz extrapolated to zero

field) were about what we anticipated. However some very

important points have resulted from this study, some of which

are relevant to the subject of stimulated phonon emission.

First, we found that the magnetic field must be aligned

relative to tle c-axis to better than 0.10 because the spin

resonance frequencies of the six magnetically inequivalent

sites become sufficiently equal only for this orientation.

This was undoubtably a probelm in our early experiments when

we did not appreciate this critical orientation requirement.

Second, we found that the g-values for the ions depend on

the optical transition frequency selected by the laser from

within the inhomogeneous absorption profile. As a result

there is a spread of resonance frequencies over the distribu-

tion of Er3 + sites. This limits the effective resonance fre-

quency distribution of the phonons to =400 r!Hz. This is

almost an order of magnitude greater than the ruby resonance

in which de Wijn's group ha: demonstrated stimulated phonon

emission.

Third, the 1inear depe.dence of resonance width on field

indicated that inhomogeneiri es of tho field er the 2XX0

13
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mm excited volume are non-negligible when one is considering .

mean free paths for stimulated phonon emission of--: mm.

We are still positive toward further efforts to establish

stimulated phonon emission using Zeeman resonances of ions in P.

solids, especially with emphasis toward higher frequencies.

In selecting systems for future work, several special

requirements should be considered:

(1) Systems with only one magnetic site are to be preferred.

(2) Larger magnetic fields should be used to reduce the mean

free paths for stimulated phonon emission and to enhance theI. gain.
(3) Emphasis should be placed on systems with strong optical

absorption in order to enhance the creation of monochromatic

phonons due to stimulated emission relative to broadband pho-

non production due to surface absorption.

(4) Ions with large energy gaps to the next excited crystal

field level should be selected to minimize effects of the

Orbach process.
V (5) Homogeneity of the magnetic field should be a considera-

tion in the design of an experiment, taking into account the

magnitude of the g-value, the resonance width, and the mean

free path for stimulated phonon emi!.sion.

L:
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